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Abstract 
Using cooper foil as intermediate layer, commercially pure titanium (CP-Ti) was vacuum diffusion welded after 
surface nanocrystallization. The effects of the interlayer and SNC treatment on the bonding state were discussed 
thereafter. The results showed that about 10ȝm nano-structured surface layer was achieved on CP-Ti. Well bonded 
joint could be obtained by two original CP-Ti samples welded directly at the conditions of 950 ÛC welding 
temperature and 5 MPa pressure. Excellent bonding between nanocrystalline Ti and cooper substrate was achieved at 
850 ÛC but lots of cavities were observed on the interface when welded at the same temperature as that for two Ti 
substrates. Surface nanocrystallite utilization could play a role in promoting interface diffusion procedure by surface 
atoms activation and large amount of diffusion channels. Cu substrate increased the contact area of interlayer to 
prevent the possible influence of induced surface roughness on diffusion bonding formation. 
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1. Introduction 
Since the new concept of surface nanocrystallization proposed by K. Lu et al in 1999, surface 
modification of the materials via preparing nano-structured surface layer has been extensively studied by 
physical or chemical methods all over the world [1]. Surface self nanocrystallization (SSNC) as a kind of 
mechanical treatment is one of the most promising methods among them and nano-structured surface 
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layer can be achieved by repeated severe plastic deformation and grain refinement [2]. After SSNC 
treatment, the microstructure and properties of materials varies gradually along the thickness without 
stripping and separation. It not only maintains the original performance of the inner substrate, but also 
obtains the excellent properties of nanomaterials in the surface layer. 
Previous studies [2, 3] showed that surface nanocrystallization modifies the structure of the surface of 
material and causes many non-equilibrium grain boundaries in the nano-surface layer. The diffusion 
ability of atoms in the nanostructured surface layer will be improved significantly by large volume 
fraction and high deformation energy. SNC pretreatment promotes the surface chemical treatment 
proceeds easily by a lower temperature and less time. The increased concentration and infiltration depth 
of elements on the surface will help cost reduction, efficiency improvement, and better chemical 
treatment effect. K. Lu et al. [4] have performed  gas nitriding of SNCed pure iron at 300 ÛC for 9 hours 
and sound result realized, but in case of  conventional nitriding methods used in industry usually needs a 
higher temperature of 480 ~ 560 °C and more than 20 hours of time. Studies on gas nitriding [5] and ion 
nitriding [6] of SNCed low carbon steel also show that SNC may lower the nitriding temperature and 
exaggerate the nitride layer thickness.  
Thus, pretreat the to be welded surface by SNC before diffusion bonding will improve the interface 
diffusion process by surface modification to lower welding temperature and shorten welding time. 
However, surface roughness cause by SNC pretreatment is expected to aggravate the diffusivity of 
interface atoms, which is of great unfavourable for diffusion bonding. If welded directly after SNC, full 
physical contact between the two welding surfaces is hardly to be achieved. In this paper, higher plastic 
deformability and good interface bonding are utilized by introducing a soft metal as intermediate layer 
and negative effects of SNC are minimized. 
2. Experimental 
Material used in this study is commercially pure titanium (CP-Ti), the chemical composition is shown 
in Table 1.  0.03-mm-thick copper foil was used as interlayer material. 
Table1 Chemical composition of CP-Ti (wt %) 
O N C H Fe Si Ti 
0.15 0.05 <0.05 <0.015 <0.30 <0.15 else 
A modified QPL-30-type shot peening machine was used to realize the SNC of CP-Ti. The 1 mm 
diameter shots were used with the projectile speed of 55 m/s and processing time of 120 min. Different 
specimens were welded with a HZK-40 vacuum diffusion welder under 5 MPa bonding pressure and 0.1 
Pa minimum vacuum degree. The microstructure of each kind of specimen was characterized by JSM-
6360LV scanning electron microscopy. 
3. Results and analysis 
3.1 Preparation and Characterization of Nano-surface Layer 
Figure 1 shows the cross-section morphology of CP-Ti after shot peening for 120 min. It can be seen 
that, after 120-min high-energy-shot-peening (HESP), the thickness of severe plastic deformation layer is 
about 100 ȝm and the grain in the top surface layer is too fine to be observed by scanning electron 
microscopy. Ref. [7] indicated that the grain size in the surface layer was about 40 ~ 50 nm, the thickness 
of nano-structured layer (where the grain size is less than 100nm) was about 10 ȝm. When Material is 
being high energy shot peening, the surface layer deforms plastically first. With the increase of processing 
time, the amount of plastic deformation increases gradually and extends to inner. It can be seen that the 
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plastic deformation varies gradually from the surface to the inner due to the stress and strain extension 
gradually along the depth. Therefore, the achieved microstructure shows a gradient distribution, namely, 
surface layer is the finest nanocrystallines, inward gradually transits to original coarse grains. 
 
Figure 1 Cross-sectional micrograph of CP-Ti HESPed for 120 min 
3.2 Microstructures of diffusion bonding joints welded at different temperatures 
The microstructures of the joints diffusion welded under different conditions are shown in Figure 2. 
Under the selected welding pressure, original sample can get excellent bonding at temperature of 950 ÛC 
(Figure 2a) if welded directly without interlayer. However, the same result can not be achieved for the 
SNCed sample as pores are observed locate at the interface (Figure 2b). It also can be seen that the grain 
grows markedly due to the high welding temperature. The microstructure morphology of substrate has 
changed from equiaxed into lamellar after cooling at this condition, which will affect the mechanical 
performance. 
After adding copper as intermediate layer, the bonding temperature reduced significantly without 
morphology changing of microstructure. It is obviously that interdiffusion of Cu and Ti can not achieved 
completely at a lower temperature of 750 ÛC (Figure 2c) since there are still amount of defect pores on the 
interface between original Cu and Ti layers. However, for the SNCed sample, titanium diffusion layer can 
be clearly observed in copper (Figure 2d) and there is no pore within the interface. On the other hand, 
with the increasing of welding temperature, the thickness of diffusion layer increases as well (Figure 2e,f). 
The copper diffusion layer in titanium has been clearly visible and reaches to a certain depth (Figure 2f) 
as welding temperature reaches to 850 ÛC. It also can be seen from Figure 3d, after 40 min insulation at 
750 ÛC, the grain size near the interface is still far less than the inner of the substrate, which indicates that 
the role of diffusion channels still remains although the nanocrystalline destabilizes to grow up. 
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Figure 2  Microstructure of the joints welded under different condition 
(a) Original sample welded directly at 950ÛC for 40min; (b) SNCed sample welded directly at 950ÛC for 
40min; (c) original sample welded with Cu foil at 750ÛC for 40min; (d) SNCed sample welded with Cu 
foil at 750ÛC for 40min; (e) SNCed sample welded with Cu foil at 800ÛC for 40min; (f) SNCed sample 
welded with Cu foil at 850ÛC for 40min 
4. Discussions 
The grain of nanocrystalline materials is very fine. Its high volume fraction boundaries provide large 
number of channels for atom diffusion and greatly improve the diffusion coefficient. There are also many 
defects, such as dislocations, vacancy, subgrain boundaries and other non-equilibrium crystal sites near 
the nano-grain boundaries with excess energy, which are all beneficial to the chemical reactions of atoms. 
Applying SNC technique to diffusion bonding may help to acquire larger diffusion coefficient by lower 
welding temperature and shorter holding time, so as to eliminate or reduce brittle intermetallic 
compounds, distortion and improve the joint performance. Relative mild welding temperature and holding 
time can effectively prevent the unrespectable growth of grain or phase transition which lead to the 
mechanical properties decreasing, especially for those materials that are sensitive to the welding thermal 
cycle. 
 However, practical welding demonstrates that the increased surface roughness is detrimental to the 
diffusion bonding if welding was carried out directly after SNC, although SNC is conducive to diffusion. 
As shown in Figure 2b, interface pore is inevitable at a lower welding temperature so that a higher 
temperature or longer holding time is required to eliminate the porous defect. In this case, SNC can not 
play the role of lowering welding temperature and shortening the holding time. The nano-structured 
surface layer will be worn out and that lose the effect of SNC if the SNCed surface was ground flush prior 
to welding,. 
In order to resolve this critical problem, Cu is induced in practice as an intermediate metal. As shown in 
Figure 2c ~ f, excellent bonding achieved for the SNCed samples that are welded 40min at 850 ÛC, which 
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is a 100ÛC lower than that of the original sample welded directly. High plastic deformability of the 
interlayer between titanium and copper increases the contact area and eliminate the effect of surface 
roughness by interdiffuse adequately. 
 Another problem of the combination of SNC technique with diffusion bonding is the thermal stability 
of the nanocrystalline. Ordinarily, the stability of nanocrystallines will decrease with increasing 
temperature and intensely at high welding temperature.  Under this condition, nano-surface layer is likely 
to lose its positive effects gradually. It can been seen from this study that the grain size in the surface 
layer is still far smaller than that in the internal (Figure 2d) even holding 40 min at 750 ÛC. Although the 
surface nanocrystallines have grown up, the diffusion channels effect still remains. The problem can be 
solved by changing the heating curve in practice, namely, insulate at relatively low temperature for some 
time in order to let atoms diffuse to a certain depth by using of high diffusion ability of fine grains, and 
then heated to welding temperature for insulation. Besides, the parameters of SNC still need to be 
optimized to lower the resulted surface roughness. 
5. Conclusions 
(1)  Surface nanocrystallization of commercially pure titanium is achieved by high-energy-shot-
peening with the projecting speed of 55 m/s and processing time of 120 min.  
(2) Excellent bonding is achieved when the original samples are welded at 950 ÛC directly, but there 
are lots of interface pores in the joint of surface nanocrystallized sample. After adding copper foil as 
intermediate metal with modified nanocrystallized surface, copper and titanium start to interdiffuse at 
750ÛC, sound bonding achieved at 850 ÛC. 
(3) Surface nanocrystallization provides more diffusion channels in the surface layer, improves the 
activity of the surface atoms, so that promotes diffusion to proceed easily. But the Resulted surface 
roughness is unfavourable for diffusion bonding. Introduction of copper interlayer improves the interface 
contact area and reduces the surface roughness. The welding temperature is reduced more than 100 ÛC. 
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